Background-Subjects with type 2 diabetes have smaller LDL and HDL particles in addition to higher levels of triglycerides and lower HDL cholesterol. Elevated insulin resistance, blood pressure, and dyslipidemia (including small dense LDL) predicted incident diabetes. In the Insulin Resistance Atherosclerosis Study (IRAS) we studied nuclear magnetic resonance (NMR) lipoprotein particle measures in prediabetic individuals, considering potentially modifying covariates, including insulin resistance, as directly measured using a frequently sampled intravenous glucose tolerance test. 
P atients with type 2 diabetes typically present with abnormalities not only in lipid concentrations but also in lipoprotein size and subclass composition. Dyslipidemia in individuals with diabetes or insulin resistance is characterized by high levels of triglycerides, low levels of HDL cholesterol, and a preponderance of small dense LDL particles, as well as a relative increase of large VLDL particles and small HDL particles. [1] [2] [3] Previous work has suggested that elevated insulin resistance, blood pressure, and triglycerides and lower HDL cholesterol precede the onset of type 2 diabetes. 4 -7 In one report, small dense LDL predicted the incidence of type 2 diabetes. 8 However, no report has examined heterogeneity within lipoproteins in a population in which insulin resistance was directly measured.
Recently, a new procedure for quantifying plasma levels of lipoprotein subclass particles by proton nuclear magnetic resonance (NMR) spectroscopy has been developed. 9 NMR spectroscopy provides concentrations of VLDL, LDL, and HDL subspecies simultaneously, and NMR-determined subclasses correspond well with those obtained with established methods. 9 In the Insulin Resistance Atherosclerosis Study (IRAS) we studied NMR lipoprotein measures in prediabetic individuals, considering potentially modifying covariates, including insulin resistance, as directly measured using a frequently sampled intravenous glucose tolerance test. Our goal was to assess whether atherogenic lipoprotein composition and particle size differences precede the onset of actual diabetes, as do other cardiovascular disease risk factor differences. 10 To accomplish this goal, we examined the lipoprotein characteristics at baseline according to whether the subjects developed type 2 diabetes at follow-up. In addition, we assessed the ability of baseline lipoproteins and their composition to predict the incidence of type 2 diabetes. These different approaches yielded similar results in this report.
Methods
The IRAS is a multicenter, epidemiological study that seeks to explore relationships between insulin resistance, cardiovascular risk factors, and disease across different ethnic groups and varying states of glucose tolerance. A full description of the design and methods of the IRAS has been published. 11 The IRAS protocol was approved by local institutional review committees, and all subjects gave informed consent. A total of 1624 individuals participated in the IRAS. This report includes baseline data on 513 diabetic patients, as well as baseline and follow-up data on 830 nondiabetic patients at baseline, in whom plasma levels of lipoprotein subclasses were assessed by proton NMR spectroscopy. Subjects were investigated twice following the same protocol. The mean follow-up duration was 5.2 years (range, 4.5 to 6.6 years). Each of the 2 IRAS examinations required 2 visits. Patients were asked before each visit to fast for 12 hours, to abstain from heavy exercise and alcohol for 24 hours, and to refrain from smoking the morning of the examination. Family history of type 2 diabetes and physical activity were assessed with the use of standard interviewing procedures. A positive family history of diabetes was defined as parents and/or siblings having type 2 diabetes. Race and ethnicity were assessed by self-report. Blood pressure was measured by standard methods, and hypertension was defined as systolic blood pressure Ն140 mm Hg and/or diastolic blood pressure Ն90 mm Hg or current use of antihypertensive medication.
Assessment of Glucose Tolerance and Insulin Sensitivity
A standard 75-g oral glucose tolerance test was performed, and a frequently sampled intravenous glucose tolerance test 12 with minimal model analysis 13 was performed to assess insulin sensitivity. Two modifications of the original protocol were used. An injection of regular insulin, rather than tolbutamide, was used to ensure adequate plasma insulin levels for the accurate computation of insulin sensitivity across a broad range of glucose tolerance. In addition, the reduced sampling protocol (which required 12 rather than 30 plasma samples) was used because of the large number of subjects. Insulin sensitivity, expressed as the insulin sensitivity index (S I ), was calculated by mathematical modeling methods (MINMOD, version 3.0 [1994] ). Height, weight, girth measurements, and laboratory measurements, including chemical analyses of lipids and lipoproteins, were performed by standard methods, as described previously. 14 
NMR Spectroscopy
Lipoprotein subclass particle concentrations and average VLDL, LDL, and HDL particle diameters were measured by NMR spectroscopy at LipoScience, Inc (Raleigh, NC) with a modification of the previously described method. 9, 15 In brief, the particle concentrations of the different-size lipoprotein subclasses are given by the measured amplitudes of the characteristic lipid methyl group NMR signals they emit. The subclass signal amplitudes were extracted from the composite lipid methyl group signal envelope of each plasma sample with the use of an improved spectral deconvolution algorithm that includes an expanded number (Ͼ30) of lipoprotein subpopulations to better represent the continuum of particle subspecies actually present in plasma. Because the NMR signal of each subpopulation differs only slightly in frequency and line shape from the signals of neighboring subpopulations, measurement reproducibility of the individual signal amplitudes is inherently limited. To overcome this limitation, neighboring subpopulations were grouped empirically into a smaller number of subclass categories (large, medium, and small) so that the summed amplitudes of the individual subpopulation signals gave acceptable measurement precision (coefficient of variation Ͻ10%). , which were found to have virtually identical correlations with lipid levels and insulin sensitivity. VLDL and LDL subclass particle concentrations are given in units of nanomoles per liter and those of HDL subclasses in micromoles per liter. Further summation of the subclass levels also provides total VLDL, LDL (including IDL), and HDL particle concentrations. Weighted-average VLDL, LDL, and HDL particle sizes (in nanometer diameter units) were computed as the sum of the diameter of each subclass multiplied by its relative mass percentage as estimated from the amplitude of its methyl NMR signal. LDL and HDL subclass distributions determined by NMR and gradient gel electrophoresis are highly correlated. 16, 17 LDL subclass diameters, which are consistent with electron microscopy data, 18 are uniformly Ϸ5 nm smaller than those estimated by gradient gel electrophoresis. Reproducibility of the NMR-measured lipoprotein particle parameters was determined by replicate analyses of plasma pools. Coefficients of variation Ͻ4% were observed for total VLDL, LDL, and 
Statistical Analyses
To analyze whether changes in lipoprotein composition occur before the onset of diabetes, we mainly used 2 different statistical methods: First, we compared NMR measures in prediabetic individuals with those individuals who remained nondiabetic at follow-up using ANCOVA; second, we analyzed baseline NMR measures in relation to incident diabetes (dependent variable) using logistic regression analyses. Separate ANCOVAs were conducted with the use of the actual measures or log-transformed data and with rank transformation of all measures into percentiles. A demographically adjusted logistic regression was performed for each NMR measure. Stepwise logistic regression analyses were used to assess the relation of NMR measures to incident type 2 diabetes and to identify which measures were most significantly associated with incident diabetes in the IRAS. Additional models were fit for VLDL size and small HDL with consideration of further covariates, including baseline glucose tolerance status (impaired glucose tolerance [IGT]), S I , waist, triglycerides, HDL cholesterol, VLDL size, small HDL, and all of these covariates in a fully adjusted model. To assess whether NMR measures were related to diabetes incidence independent of conventional lipid measures, the stepwise method with PϽ0.05 to enter and stay in the model was used to select variables after demographic variables and established diabetes risk factors were forced in. Conventional lipid measures were allowed to enter initial "conventional" models. Variables thus selected were forced into "ϩNMR" models, which allowed significant NMR measures to enter as predictors. Finally, diabetes incidence was assessed across quartiles of VLDL size and small HDL. All statistical calculations were performed with SAS version 8.0. Log-transformed values were used in all analyses for all continuous †Log-transformed for analysis; back transformed for presentation.
variables, which appeared to be more normally distributed with the transformation than without. Although an unadjusted probability value Ͻ0.05 was considered statistically significant, it may be appropriate to view marginally significant (0.005ϽPϽ0.05) findings as requiring replication in other studies for more definitive conclusions. Tables 1 and 2 show data in converters to type 2 diabetes (DM) versus nonconverters (non-DM) in addition to data in patients who had diabetes at baseline (DM-BL). The focus of this report, however, is the comparison of DM with non-DM. Mean levels of total VLDL particles were higher in DM, as were levels of the large VLDL subclass (Table 2 ). Mean total LDL particles were higher in DM, primarily because of higher levels of small LDL (both medium small and very small LDL particles). Mean levels of total HDL particles were not different between DM and non-DM, but a shift toward small HDL was found in DM (lower levels of large HDL and higher levels of small HDL particles). Lipoprotein particle size was markedly different between DM and non-DM; VLDL size was higher in DM, and both LDL size and HDL size were lower in DM. No differences were seen between DM and non-DM in chemically measured LDL cholesterol and total cholesterol levels. The significance of each rank-transformed analysis (data not shown) was concordant with the significance indicated in Table 2 except for 2 marginally significant (both Pϭ0.044) comparisons: medium VLDL particles (Pϭ0.076) and large LDL particles (Pϭ0.11).
Results

Descriptive Data at Baseline
Overall, the lipid pattern found in DM resembled the pattern found in patients with overt diabetes at baseline (DM-BL).
Adjustments for gender and/or ethnicity did not materially affect the results as presented. Table 3 shows that (1) waist rather than body mass index was correlated more strongly to lipoprotein subclass concentrations and lipoprotein particle size; (2) all metabolic variables were related to LDL particle concentration, but only waist and fasting glucose and waist and S I were related to VLDL particle and HDL particle concentrations, respectively; (3) fasting glucose and 2-hour glucose showed concordant results with respect to LDL and HDL particle concentrations and LDL and HDL size but discordant results with respect to VLDL particle concentration (significant correlation to fasting glucose but not to 2-hour glucose) and VLDL size (significant correlation to 2-hour glucose but not to fasting glucose). Tables 4 and 5 show ANCOVA with adjustment for chemically measured lipids (Table 4 ) and lipids plus metabolic covariates (Table 5 ), in addition to demographic covariates (as shown in Table 2 ). The tables show only NMR lipoprotein variables, which showed a significant difference between DM and non-DM in demographically adjusted analyses (Table 2) .
Correlations Between NMR Lipoprotein Measurements and Metabolic Variables
Analyses of Covariance
Adjustment for triglycerides and HDL cholesterol abolished the differences between DM and non-DM in VLDL particles, large VLDL, small LDL, large HDL, and LDL size. In another metabolic model (Table 5) , small HDL and VLDL size remained significantly different between DM and non-DM.
Logistic Regression Analyses With Incident Diabetes as the Dependent Variable
The following measures with their odds ratio (OR) for a 1-SD increment and 95% CI were significantly associated with incident diabetes in demographically adjusted logistic regression models: VLDL particles, In stepwise logistic regression models, VLDL size and small HDL particle concentration emerged as significant NMR contributors to incident diabetes. Among conventional lipid measures, triglycerides and HDL cholesterol were significant predictors of diabetes in a demographically adjusted model (Table 6 , model 1: conventional), whereas among NMR measures both VLDL size and small HDL remained significant in this model (model 2: ϩNMR).
VLDL Size and Small HDL Particles in Relation to Incident Diabetes
There was a linear increase in the incidence of diabetes across quartiles of VLDL size and to a lesser extent also across quartiles of small HDL particle concentrations (Figures 1 and 2) . A comparable pattern was found in subjects with normal glucose tolerance (NGT) or IGT at baseline (Figures 1 and 2) . Figure 3 shows the ORs of developing diabetes for VLDL size and small HDL after adjustment for metabolic covariates. These analyses indicate that the relation of both VLDL size and small HDL to incident diabetes is largely independent of glucose tolerance status at baseline (model B), waist (model D), and also conventionally (chemically) measured triglycerides and HDL cholesterol (model E). Insulin sensitivity (model C) attenuated the relation to incident diabetes of VLDL size but not of small HDL particles.
Finally, VLDL size, but not small HDL particle concentration, remained statistically significantly related to incident diabetes in a fully adjusted, comprehensive model including commonly known risk factors for diabetes (model G). *Age, gender, and ethnicity were forced into the models. †LDL cholesterol, total cholesterol, and log-transformed triglycerides and HDL cholesterol were allowed to enter and stay at the 5% significance level in the conventional model. ‡Lipid measures selected for the conventional model were forced into ϩNMR models. VLDL particles, large VLDL, medium VLDL, small VLDL, LDL particles, IDL, large LDL, small LDL, HDL particles, large HDL, medium HDL, small HDL, VLDL size, and LDL size were allowed to enter ϩNMR models.
§Log-transformed.
Stratified Analyses by Glucose Tolerance Status, Ethnicity, and Gender
There were no significant interactions of glucose tolerance status and ethnicity on the relation of NMR variables (namely, VLDL size and small HDL particles) to incident diabetes, indicating that the relation of these variables of interest to incident diabetes was consistent across glucose tolerance categories and across the 3 ethnic groups of the IRAS (Figure 4) . A borderline significance was found for gender, indicating a trend toward a stronger relation in women than in men (Pϭ0.06 for VLDL size and Pϭ0.08 for small HDL in unadjusted models, respectively, and Pϭ0.036 and Pϭ0.048 in demographically adjusted logistic regression models, respectively). The fully adjusted stratified logistic regression analyses (Figure 4) showed a significant interaction of gender on the relation of VLDL size to incident diabetes (Pϭ0.013; Figure 4A ) but not on the relation of small HDL to incident diabetes (Pϭ0.36; Figure 4B ). No significant interaction of gender, however, was found for VLDL size and small HDL in demographically adjusted ANCOVA (Pϭ0.7 for VLDL size and Pϭ0.2 for small HDL).
Discussion
The present report yielded several novel findings: (1) A broad range of abnormalities in lipoprotein composition precedes the onset of diabetes; (2) the associations for small HDL particle concentration and large VLDL size were independent of the greater insulin resistance present in prediabetic subjects; and (3) the findings were consistent across glucose tolerance categories and in the 3 ethnic groups of the IRAS. These results are based on 2 different statistical approaches:
(1) logistic regression analyses with incident diabetes as the dependent variable and (2) ANCOVA models with the lipid variables of interest as respective dependent variables. Both approaches yielded similar results, which strengthens the results of the present study and the conclusion we would like to draw from these results. Thus, the present study provides evidence that abnormalities in lipoprotein composition occur before the onset of type 2 diabetes and therefore might contribute to the increased cardiovascular disease risk in prediabetic subjects. Although we believe that the highly significant findings (PϽ0.001) are robust, given the number of hypotheses tested and our use of stepwise methods, replication in other data sets is warranted. In one previous report (in which gradient gel electrophoresis was used), the preponderance of small LDL particles was identified as a risk factor for the development of diabetes in elderly individuals. 8 In this study, subjects with small dense LDL particles had a Ͼ2-fold increased risk of incident diabetes over 3.5 years, independent of age, sex, glucose intolerance, and body mass index. Adjustment for either fasting insulin or triglycerides, however, rendered the association nonsignificant, suggesting that small dense LDL reflects underlying insulin resistance (as represented by elevated triglycerides and/or elevated fasting insulin levels) rather than a causal relation between this lipoprotein phenotype and the development of diabetes. No measure of insulin resistance is available from this report.
In the present study, LDL size, as assessed by NMR technology, was also related to incident diabetes, but adjust- ment for insulin resistance (as directly measured) rendered this association nonsignificant. This indicates that the association of LDL size to incident diabetes is indeed explained by the (inverse) association of LDL size with insulin resistance, as shown in previous cross-sectional studies. 19, 20 In the present study, VLDL particle size and small HDL particles, rather than LDL particle size, emerged as significant contributors to incident diabetes. The relation of these 2 lipoprotein particle measures to incident diabetes was independent of metabolic covariates, including insulin resistance. This is potentially important because in previous reports, both VLDL size and small HDL particles 21 or HDL size (inversely) 3, 21 have been related to increased insulin resistance. Additionally, these and other NMR-identified lipoprotein abnormalities, which were prevalent in patients with type 2 diabetes, have been attributed to the underlying increased insulin resistance in these patients rather than the diabetic state itself. 21 NMR technology has been used to investigate compositional lipoprotein abnormalities in several previous studies involving diabetic populations, including diabetic mice, 22 patients with type 1 diabetes, 23, 24 patients with type 2 diabetes, 21, 25 or individuals with insulin resistance. 21 In a cross-sectional study, a relation of small HDL to renal dysfunction was shown in patients with type 1 diabetes. 23 In a placebo-controlled intervention trial, atorvastatin reduced concentrations of medium and small VLDL, as well as large and medium LDL, and increased concentrations of large HDL. 25 Our findings were consistent in the 3 ethnic groups of the IRAS as well as in subjects with NGT or IGT at baseline, but we found a gender interaction reaching borderline significance in the logistic regression models. Such a finding would be supportive of previous analyses from the San Antonio Heart Study, indicating that prediabetic women have a greater burden of cardiovascular risk factors than men. 26 However, because of the relatively small number of cases of incident diabetes in women (nϭ76) and in men (nϭ53), respectively, this finding needs to be interpreted with caution.
How might a relation of lipoprotein size and subclass composition to incident diabetes be explained? First, a causal relationship might exist, ie, alterations in lipoprotein size and subclass composition might directly affect the pathophysiology of type 2 diabetes, namely, increased insulin resistance and/or impaired insulin secretion. Free fatty acids are released from VLDL particles, and an excess of free fatty acids, in turn, has been shown to directly affect insulin resistance, namely, by inhibiting hepatic glycogen synthesis and glucose oxidation. 27 Furthermore, we have shown in the present study that the relation of VLDL size to incident diabetes is attenuated after adjustment for insulin resistance, as directly measured. This indicates that increased insulin resistance in prediabetic individuals contributes (to some extent) to the demonstrated associations. Accordingly, in a previous report in which clamp techniques were used to assess insulin resistance, large VLDL particle concentration was suggested as the primary abnormality underlying the complex lipoprotein subclass pattern associated with increased insulin resistance (high serum triglycerides, decreased LDL size, increased overall LDL particle concentration, decreased large and increased small HDL particles). 21 Second, common genetic factors might underlie both the demonstrated lipoprotein abnormalities and diabetes risk. A number of studies have demonstrated that small dense LDL is genetically influenced, 28 and a common polymorphism in the cholesteryl ester transfer protein gene affects HDL and LDL particle size. 29 Potential candidate genes linking insulin resistance and dyslipidemia include the hepatic lipase gene and the fatty acid binding protein gene 2. 30 Third, lipoprotein abnormalities associated with the risk of developing diabetes might indicate a proatherogenic state in prediabetic individuals. It has indeed been shown in previous reports that the prediabetic state is characterized by an increased prevalence of cardiovascular risk factors. 4 -7 The present report extends this knowledge; abnormalities of size and composition of both VLDL and HDL particles have been related to cardiovascular disease. 24, [31] [32] [33] In the present study the lipoprotein parameters in prediabetic subjects resembled that in overt diabetic patients rather than that in nonconverters ( Table 2 ). The view of a proatherogenic risk profile in prediabetic individuals is further supported by data from the Nurses' Health Study, showing that the risk of developing cardiovascular disease in prediabetic women was increased, even before the onset of diabetes. 10 The present study provides supportive data that might explain this finding; whether these demonstrated proatherogenic lipoprotein abnormalities in prediabetic individuals are related to increased insulin resistance or rather impairment in insulin secretion is the topic of further ongoing analyses.
In summary, we have shown a range of lipoprotein abnormalities in prediabetic individuals. These findings extend previous work indicating a proatherogenic state in healthy, nondiabetic subjects who subsequently develop diabetes. This finding has important clinical and public health implications, providing a rationale for an aggressive prevention strategy in individuals at high risk of developing diabetes, such as those with IGT. Such a prevention strategy yields the potential to favorably affect diabetes incidence and also, and equally importantly, the development of cardiovascular disease.
